The emergence of bacteria resistant to several important classes of antibiotics has become a major clinical problem over the last few years. Almost every antibacterial compound in clinical use today has associated examples of resistant bacterial isolates (39) , including life-threatening strains of Escherichia coli, Mycobacterium tuberculosis, Pseudomonas aeruginosa, and various enterococci. The latter are among the most common antibiotic-resistance bacteria isolated from patients with nosocomial infections in the United States today. The synergistic use of either ampicillin or vancomycin with an aminoglycoside, such as kanamycin or gentamicin, has long been the optimal therapy for serious enterococcal infections; however, many previously susceptible enterococcal strains have since acquired resistance to the aminoglycosides. The mechanisms of resistance are many and varied, although only three are readily understood: (i) mutation of the ribosomal target, (ii) reduced permeability and/or increased efflux of the drug, and (iii) enzymatic deactivation of the drug. Resistance to the aminoglycosides through enzymatic deactivation, although seemingly straightforward, is in reality a complex problem involving three different classes of enzyme. These enzyme classes are the ATPdependent phosphotransferases (APH) and adenyltransferases (ANT), and the acetyl coenzyme A-dependent N-acetyltransferases (AAC). This area of research has been extensively reviewed in the past few years (2, 4, 13, 29, 39, 47, 52, 53) .
Originally isolated from soil bacteria, including various species of Streptomyces and Micromonospora (20) , the aminoglycosides are a family of potent, broad-spectrum antibiotics that includes clinically relevant drugs such as gentamicin, neomycin, amikacin, kanamycin, and streptomycin. The structures of these compounds, with the exception of that of streptomycin, are all similar, consisting of a central aminocyclitol ring (the B ring) with two or three substituted aminoglycan rings (A, C, and in some cases, D) attached at either the 4 and 5 positions (the 4,5-disubstituted aminoglycosides, which include neomycin and lividomycin) or the 4 and 6 positions (the 4,6-disubstituted aminoglycosides, such as gentamicin and kanamycin).
Streptomycin, a competitive inhibitor of aminoglycoside-2ЈЈ-phosphotransferase-IIa [APH(2ЈЈ)-IIa] (45) , is an atypical aminoglycoside that does not fall into either the 4,5-disubstituted or 4,6-disubstituted classes. It has a modified ribose (ring B) attached to position 4 on a 1,3-diguanidinium-substituted aminocyclitol ring (ring A) with no substituent at the 5 or 6 position. The structures of gentamicin, kanamycin, neomycin, and streptomycin are shown in Fig. 1 . The aminoglycosides are targeted to the 16S rRNA of the bacterial 30S ribosomal subunit, where they selectively bind to the decoding aminoacyl (A) site (31, 51) and stabilize the conformation of the tRNA bound to a cognate mRNA codon. This decreases the dissociation rate of aminoacyl-tRNA and promotes miscoding (28) . The structures of a number of the aminoglycosides with either the 30S subunit or oligonucleotides containing minimal A sites are known (51) .
The enzymes which deactivate the aminoglycosides are named according to the reaction they catalyze and the site on the aminoglycoside at which they act. The APH(2ЈЈ) enzymes, which give rise to high-level resistance to gentamicin in enterococci, phosphorylate gentamicin and kanamycin at the 2ЈЈ-hydroxyl group of the C ring (Fig. 1) . The APH(3Ј) enzymes, another major subfamily of the phosphotransferases, phosphorylate kanamycin and neomycin at the 3Ј-hydroxyl on the A ring but cannot deactivate gentamicin, since it has no corresponding 3Ј-hydroxyl. The individual members of each family can normally bind only a subset of the available drugs, and this difference in drug specificity is known as the resistance profile, designated with a roman numeral and, in some cases, a letter identifying a specific gene. The first APH(2ЈЈ) enzyme discovered for enterococci was the bifunctional AAC(6Ј)-Ie-APH(2ЈЈ)-Ia enzyme, which possesses both 6Ј-acetylating and 2ЈЈ-phosphorylating activities (17, 33) . Enterococci with the corresponding gene show resistance to almost all clinically relevant aminoglycosides (38) . Four additional APH(2ЈЈ) enzymes have since been isolated for Enterococcus spp.; they are designated APH(2ЈЈ)-Ib (27) , APH(2ЈЈ)-Ic (11), APH(2ЈЈ)-Id (46) , and APH(2ЈЈ)-Ie (10) and were initially classified as genetic variants of an APH(2ЈЈ)-I-type enzyme. Recently, APH(2ЈЈ)-Ib, APH(2ЈЈ)-Ic, and APH(2ЈЈ)-Id have been reclassified as distinct enzymes with different resistance profiles and, more importantly, different nucleotide specificities, such that they are now named APH(2ЈЈ)-IIa, APH(2ЈЈ)-IIIa, and APH(2ЈЈ)-IVa, respectively (44) . APH(2ЈЈ)-Ie was not included in the latter study, but based upon the very high sequence similarity with APH(2ЈЈ)-IVa (93%) (see Table S1 in the supplemental material), it is possible that it is a genetic variant of APH(2ЈЈ)-IVa.
Structural details are currently known for only two members of the APH(3Ј) family, APH(3Ј)-IIIa (5, 18, 23) and APH(3Ј)-IIa (37) . These enzymes share a two-domain structure similar to the catalytic domains of the eukaryotic Ser/Thr and Tyr protein kinases. Moreover, the phosphotransferases and kinases share several important sequence motifs related to nucleotide binding and phosphoryl transfer, most notably the catalytic loop (HXDXXXXN) and the activation segment (G XIDXG), where X is any amino acid. Not surprisingly, the catalytic mechanisms of the phosphotransferases and the kinases are identical, involving the nucleophilic attack by the target hydroxyl on the ␥ phosphate of ATP, facilitated by a FIG. 1. Structures of gentamicin, kanamycin, streptomycin, and neomycin. Gentamicin and kanamycin are classified as 4,6-disubstituted aminoglycosides, whereas neomycin is an example of a 4,5-disubstituted compound. The three structural variants which comprise gentamicin C are indicated. Amikacin is similar to kanamycin, although the substituent on the N1 amine is a 4-amino-2-hydroxy-1-oxobutyl group. Taken together, the A and B rings of aminoglycosides, such as gentamicin, kanamycin, and neomycin, are commonly known as the neamine moiety.
conserved aspartate residue from the catalytic loop (29, 54) . A comparison of the known APH(2ЈЈ) and APH(3Ј) sequences shows that the two families of phosphotransferases share these kinase-like motifs, and there appears to be some partial conservation of acidic residues in the substrate binding region. It has been suggested that their structures may be similar (37) . Here, we report the first structure of an APH(2ЈЈ) enzyme, APH(2ЈЈ)-IIa as the binary complex with the preferred substrate gentamicin and the ternary complex with the nonhydrolyzable ATP analog adenosine-5Ј-(␤,␥-methylene)triphosphate (AMPPCP) and the competitive inhibitor streptomycin.
MATERIALS AND METHODS
Protein expression, purification, and crystallization. Native Enterococcus faecium APH(2ЈЈ)-IIa was cloned, expressed, and purified, and the gentamicin complex was prepared and crystallized, as previously described (50) . Selenomethionine-labeled APH(2ЈЈ)-IIa [SeMet-APH(2ЈЈ)-IIa] was produced using a modified protocol based on the inhibition of methionine biosynthesis (15) , and the enzyme was purified as described for native APH(2ЈЈ)-IIa (50) . The gentamicin complex was prepared by the addition of 1 mM gentamicin to a solution of SeMet-substituted enzyme in 10 mM bis-Tris propane (pH 6.5), 150 mM NaCl, 5 mM ␤-mercaptoenthanol. Crystals were grown by hanging-drop vapor diffusion by mixing equal volumes (1 l ϩ 1 l) of the protein solution with unbuffered 12% polyethylene glycol 3350 (PEG 3350) over a reservoir solution comprising unbuffered 16% PEG 3350. The ternary AMPPCP-streptomycin complex was prepared by preincubation of 5 mM AMPPCP, 5 mM MgCl 2 , and 5 mM streptomycin with apo enzyme (10 mg/ml) in 10 mM bis-Tris propane (pH 6.5), 150 mM NaCl, and 5 mM ␤-mercaptoenthanol for 24 h at 4°C. Crystals of the resultant complex were grown by hanging-drop vapor diffusion by mixing an equal volume (1 l ϩ 1 l) of protein solution with crystallization buffer (30% methoxypolyethylene glycol 5000 (mPEG5000), 0.2 M morpholinosulfonic acid (MOPS)/KOH [pH 7.3]) from the reservoir solution. Additional complexes were also prepared and submitted to crystallization trials, including ternary complexes with the nonhydrolyzable ATP analog adenosine-5Ј-(␤,␥-imido)triphosphate (AMPPNP), substrates gentamicin and kanamycin, and the inhibitor streptomycin and binary complexes with ATP and ADP. Only one of these additional complexes [ADP-APH(2ЈЈ)-IIa] gave rise to diffraction-quality crystals.
Diffraction data collection and processing. The SeMet-APH(2ЈЈ)-IIa data were collected at beam line BL9-1 at the Stanford Synchrotron Radiation Laboratory (SSRL) from a crystal frozen in a cryoprotectant composed of 16% PEG 3350 and 20% glycerol. The crystal belonged to space group P2 1 with the following cell dimensions: a ϭ 78.3 Å, b ϭ 57.5 Å, c ϭ 81.7 Å, and ␤ ϭ 98.2°. The Matthews coefficient (34), assuming two molecules in the asymmetric unit, is 2.7 Å 3 /Da. The data were collected at three wavelengths equivalent to the peak (0.9790 Å) and the inflection (0.9792 Å) of the selenium absorption edge and a remote energy (0.8377 Å). A total of 180 images were collected for each wavelength, with an oscillation range of 1°. The data were processed with X-ray detector software (XDS) and scaled with XSCALE software (26) . Data collection statistics are given in Table 1 .
The native gentamicin-APH(2ЈЈ)-IIa data were collected at SSRL beam line BL9-2 from a crystal frozen in a cryoprotectant composed of 16% PEG 3350 and 3 /Da, assuming three molecules in the asymmetric unit. A total of 120 images were collected with an oscillation angle of 1°, and these images were indexed, integrated, and scaled with XDS and XSCALE (26) . Data collection statistics for the ternary and binary complexes are given in Table 2 .
Structure solution and refinement. The gentamicin SeMet-APH(2ЈЈ)-IIa structure was solved by multiwavelength anomalous diffraction methods using data to a 3.1-Å resolution. The program SOLVE (42) gave the positions of all 12 selenium atoms (6 in each molecule, including the N-terminal residue), resulting in a mean figure of merit of 0.38. Maximum likelihood density modification and refinement of the phases and noncrystallographic symmetry were carried out by RESOLVE (41) , giving a mean figure of merit of 0.67 and leading to the automated building of 380 residues out of 598 into the electron density map (40) . Interactive model building with COOT (16) was used to add the majority of the remaining residues and produce a partial model that was used for refinement. The initial crystallographic R factor prior to the first round of refinement was 0.45, with an R free of 0.48. Subsequent model building with COOT completed the structure and added 240 solvent molecules (modeled as water) and two gentamicin molecules. Residual electron density observed in the experimentally phased electron density maps in the vicinity of the proposed catalytic aspartate, Asp192, was modeled as gentamicin in both molecules. Maximum likelihood refinement with REFMAC (36), incorporating individual temperature factor and torsion-libration-screw (TLS) refinement at a 2.5-Å resolution, gave a final model with a crystallographic R factor of 0.210 and an R free of 0.271. The two molecules in the asymmetric unit are related in a tail-to-tail fashion by a noncrystallographic twofold rotation axis, with approximately 550 Å 2 (3.5%) of surface area buried per monomer. This dimer is most probably not physiologically relevant given the small area of contact and the nonspecificity of the surface, although there is no biochemical either way. The final model comprises 598 amino acid residues, 2 gentamicin molecules, and 240 water molecules. The final refinement statistics are given in Table 2 .
The structure of the AMPPCP-streptomycin complex of APH(2ЈЈ)-IIa was determined by molecular replacement with PHASER (35) using a search model derived from the P2 1 gentamicin-APH(2ЈЈ)-IIa structure with the gentamicin and water molecules removed. The starting R factor and R free for refinement were 0.512 and 0.508, respectively. Strong residual electron density was seen in all three molecules in the region identified as the nucleotide binding site and, to a lesser extent, in the substrate binding site. An AMPPCP molecule was added to all three molecules early in the refinement, and the substrate density was modeled as streptomycin in all molecules during later stages of refinement. After iterative cycles of refinement with REFMAC, incorporating TLS for the final rounds, and manual model building with COOT, the final R factor was 0.218 (R free ϭ 0.284 for 5% of the unique reflections) at a 2.45-Å resolution. The final model comprises 879 amino acid residues (molecule A, 1 to 274 and 278 to 299; Table 2 .
Data programs. Superpositions were performed using the secondary-structure matching procedure (32) implemented in COOT and using LSQKAB in the CCP4 suite (12) . Figures were generated using PyMOL (14) .
Protein Data Bank accession numbers. The atomic coordinates for gentamicin-APH(2ЈЈ)-IIa and AMPPCP-streptomycin-APH(2ЈЈ)-IIa were deposited in the Protein Data Bank (3) with accession codes 3ham and 3hav, respectively.
RESULTS
Overall monomer structure. The APH(2ЈЈ)-IIa molecule is divided into two major domains (Fig. 2a) . The N-terminal domain (residues 1 to 90) is composed of a five-stranded ␤ sheet (strands ␤1 to ␤5) flanked by a long ␣ helix (␣2), with a short ␣ helix (␣1) at the N terminus. A short linker (residues 85 to 89) connects this domain with the C-terminal domain, the latter comprising two subdomains, the core subdomain (residues 91 to 134 and 185 to 250) based upon four ␣ helices (␣3, ␣4, ␣7, and ␣8) and four ␤ strands (␤6 to ␤9) along with two active site loops (␤6 to ␤7 and ␤8 to ␤9) and a helical subdomain (residues 135 to 184 and 251 to 299) formed from four helices (␣5, ␣6, ␣9, ␣10). A negatively charged cleft between the core and the helical subdomains forms the aminoglycoside binding site, with the nucleotide binding site sandwiched between the N-terminal domain and the core subdomain (Fig.  2a) and linked to the "top" of the aminoglycoside binding cleft.
The APH(2ЈЈ)-IIa structure is essentially identical in the two complexes, although nucleotide and substrate binding results in small reorientations of both the N-terminal domain and the helical subdomain. In the ternary streptomycin-AMPPCP complex, although the N-terminal domain and the core subdomain of all three molecules in the asymmetric unit are generally well ordered, there is a high degree of disorder in the helical subdomains, resulting in an inability to accurately model some of this region in two of the molecules and resulting in the observed difference of over 7% between the crystallographic R factor and the R free . Superposition of the two structures based on the core subdomain gives a root-mean-square difference (RMSD) of 0.57 Å for 113 matching C␣ atoms. Subsequent superposition of the rotated AMPPCP-streptomycin-APH(2ЈЈ)-IIa model onto the gentamicin-APH(2ЈЈ)-IIa complex based on the N-terminal domain (RMSD, 0.7 Å; 81 C␣) and the helical subdomain (RMSD, 0.6 Å; 91 C␣) gives an estimate of the amount of movement of these domains. The helical subdomain has moved, on average, by about 6°, and while this could be due to the replacement of the gentamicin by the slightly more bulky streptomycin molecule, crystal packing interactions in the two different space groups are markedly different and could also account for this difference. When AMPPCP is present, the N-terminal domain moves away from the core domain by approximately 5°, on average. In the nucleotide-free complex, the loop between strands ␤1 and ␤2 closes over the empty binding site. In the nucleotide-bound structure, this loop swings away from the nucleotide binding pocket such that the outer edge of the loop is approximately 5 Å from the equivalent location in the nucleotide-free complex. The mobility of this loop in the protein kinases is critical for catalysis, and conformational changes of this region have been observed for these enzymes (1) and also for the two APH(3Ј) enzymes (23, 37) .
The overall fold of APH(2ЈЈ)-IIa is similar to that of the two APH(3Ј) enzymes despite an extremely low sequence identity [6% and 9% for APH(3Ј)-IIa and APH(3Ј)-IIIa, respectively] between these enzymes (see Table S1 in the supplemental material). Superposition of APH(2ЈЈ)-IIa onto these two structures gives RMSDs of 3.3 Å and 3.2 Å for 260 matching C␣ positions for APH(3Ј)-IIIa and APH(3Ј)-IIa, respectively. An analysis of the superimposed structures (Fig. 2b) shows that the N-terminal domains and the core domains are spatially and topologically similar in these two subfamilies, and although the helical subdomain has the same topology, this subdomain as a whole is in a different orientation relative to the core subdomain and is approximately 30 residues longer. The additional residues comprise an extra helix (␣10), which runs antiparallel to helix ␣9, and a final short piece of 3 10 helix (␣10Ј) at the C terminus (Fig. 2b) . Superposition of the individual domains gives significantly lower RMSDs, 2.0 Å, 2.1 Å and 2.9 Å for the N-terminal domain, the core subdomain, and the helical subdomain, respectively.
Substrate binding site. The gentamicin molecule is oriented in the binding cleft such that the site of phosphorylation (the 2ЈЈ-OH on the C ring) is approximately 3.0 Å from the O ␦1 atom of Asp192, the putative catalytic base. This residue is conserved in all aminoglycoside-modifying enzymes (see Fig.  S1 in the supplemental material) and is part of a conserved a Numbers in parentheses relate to the highest-resolution shell, 2.6 to 2.5 Å for the gentamicin complex and 2.5 to 2.45 Å for the AMPPCP-streptomycin complex.
b R merge ϭ S(I i -͗I͘)/SI i where I i is the observed intensity of a given reflection and ͗I͘ is the mean intensity for all observations of that reflection.
c Numbers in parentheses are the numbers of reflections used for the R free calculation. They comprise 5% of the unique reflections chosen at random.
where F o is the observed structure factor amplitude and F c is the calculated structure factor.
e The numbers refer to the average values for the independent molecules in the asymmetric unit of each complex.
f Cruikshank diffraction precision index estimated from R free . motif equivalent to the protein kinase subdomain VIb (21, 22) , also known as the catalytic loop (25) . It has been shown to be essential for activity in the APH(3Ј) enzymes (23, 30) and is responsible for orienting the hydroxyl group for an optimum nucleophilic attack on the ␥ phosphate (29) and as a proton acceptor or a "proton trap" in the latter stages of the reaction process, once cleavage of the phosphorus-oxygen bond has begun (48) . The B ring of the gentamicin is coplanar with the C ring (Fig. 3a) and nestled against the core subdomain, and a network of potential hydrogen bonding interactions anchors this part of the substrate in the binding cleft (for potential hydrogen bonding interactions, see Table S2 in the supplemental material). The A ring projects across the substrate binding cleft and makes two potential interactions with the helical subdomain, a hydrogen bond between the N2Ј atom and the O ␦1 atom of Asp262 from helix ␣9 and a nonpolar stacking interaction between the A ring and the indole ring of Trp265 one turn further along helix ␣9. The C2Ј and C5Ј substituents on the A ring are in equatorial positions which facilitate this face-to-face stacking. This type of nonpolar interaction has also been observed between the A site of 16S RNA and the A rings of both paromomycin (7) and gentamicin (19) . The ␣9 helix has a pronounced kink at residues 265 and 266, which causes the C-terminal half of the helix to bend upwards by over 45° (Fig. 3a) . The ␣7-␣8 loop, along with helix ␣9, forms the "base" of the substrate binding site.
If the binding of kanamycin to the APH(3Ј) enzymes is taken as the paradigm for aminoglycoside binding to the phosphotransferases, then gentamicin binding to APH(2ЈЈ)-IIa can be considered as being "upside-down" in comparison. Superposition of kanamycin-APH(3Ј)-IIa and gentamicin-APH(2ЈЈ)-IIa shows that the two molecules are bound in different orientations (Fig. 2c) . In the APH(3Ј) enzymes, the kanamycin molecule is bound in an A-B-C configuration, with the A ring containing the 3Ј-OH at the "top" of the binding cleft where it joins the nucleotide binding site, the central B ring projecting across the cleft and interacting with residues from the acidic loop and the DExF motif, and the C ring at the "base" of the cleft interacting with the core subdomain. In APH(2ЈЈ)-IIa, the gentamicin molecule adopts a C-B-A configuration, with the C ring containing the 2ЈЈ-OH at the "top" of the cleft, the B ring anchored to the core subdomain, and the A ring at the "base" of the cleft angled toward the helical subdomain. Binding of gentamicin in an A-B-C orientation was also tested using a composite omit map at the end of refinement, and it was observed that although the central B ring could fit adequately into the density, there were major issues with both the other rings, with unaccounted-for density and substituents projecting out of the density (Fig. 3b) . The C ring in particular could not be modeled well into the available electron density, with the final best fit resulting in a steric clash between the O5ЈЈ atom and the O5 atom of the B ring.
The streptomycin is bound in an A-B-C configuration, and although there are fewer interactions with the enzyme, the majority occur with the B and C rings. The C ring lies at the "base" of the binding cleft and projects across toward the helical subdomain and is involved in a hydrophobic packing interaction with Trp265 that is similar but not identical to the interaction of the gentamicin A ring in the gentamicin-APH(2ЈЈ)-IIa complex. Two of the APH(2ЈЈ)-IIa molecules in the asymmetric unit have the A ring projecting toward the helical subdomain, with the subsequent formation of a new hydrogen bonding interaction between the O of Tyr272 and the O5 atom. The A ring is further anchored by a potential electrostatic interaction between the guanidinium group at position 1 and the side chain of Asp213 (Fig. 4a) . In this orientation of the A ring, although the O6 atom comes within 3.4 Å of the O ␦1 atom of the catalytic aspartate (Asp192), it points down toward the B ring and is thus oriented incorrectly for attack on the ␥ phosphate. In the third APH(2ЈЈ)-IIa molecule, the inhibitor has moved approximately 1.5 Å toward the helical subdomain, and the A ring has rotated up toward the nucleotide binding pocket. The guanidinium group at position 1 interacts with a water molecule associated with the ␤ phosphate of the AMPPCP. It has been recently shown that streptomycin is a competitive inhibitor of APH(2ЈЈ)-IIa, albeit a rather poor inhibitor with a K i of around 170 M (45), whereas gentamicin binds very tightly, with a K m of around 0.55 M (Marta Toth, personal communication). In all three molecules, the streptomycin binds in the same location as the substrate, yet there is no hydroxyl group appropriately oriented for phosphorylation, so the molecule would not be turned over. Furthermore, the bulky guanidinium groups on the A ring project toward the nucleotide, interfering with an extended triphosphate moiety.
The electron density for the streptomycin (Fig. 4a) is somewhat weaker than that observed for the gentamicin complex, which might be suggestive of lower site occupancy. The weaker electron density for the streptomycin could be consistent with the lower affinity for streptomycin, although since the inhibitor is being observed in the context of a crystal structure, crystal packing interactions could play a role and either limit accessibility to the site or cause structural changes in the enzyme 
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on October 15, 2017 by guest http://jb.asm.org/ which restricts binding. The observation that the three streptomycin inhibitors in the three independent APH(2ЈЈ)-IIa molecules are bound in a similar yet not identical fashion in the binding pocket suggests that the binding pocket has evolved to specifically bind aminoglycosides with a gentamicin-like structure; although streptomycin is able to bind, it does so in an essentially nonspecific manner, in all likelihood constantly moving between the two major configurations represented in the crystal structure. Nucleotide binding site. The nucleotide interacts with residues from both the N-terminal domain and the core subdomain (Fig. 4b) . The pocket for the adenine ring is formed by strands ␤3, ␤7, and ␤8 and the interdomain linker. The ring is sandwiched between the four hydrophobic side chains, Leu24, Val40, Ile199, and Ile209, although the only specific interactions it makes with the protein are two potential hydrogen bonds to the carbonyl oxygen of Lys86 and the amide nitrogen of Ile88 from the linker peptide. The ribose moiety makes no interactions with the protein. The triphosphate group is anchored to the N-terminal domain through interactions with the side chains of Ser25, Ser30, Lys42 (highly conserved in all APH enzymes), and Thr32. The triphosphate adopts a compact tridentate chelate conformation and wraps around a magnesium ion such that an oxygen atom from each phosphate group coordinates with the metal (Fig. 4b) . The magnesium ion is further coordinated to the side chain of Asp210. The chelate conformation of the triphosphate group is unusual and in marked contrast to the typical extended conformation seen with the majority of ATP-enzyme complexes.
A superposition of the AMPPNP complex of APH(3Ј)-IIIa (5) and the ternary APH(2ЈЈ)-IIa complex, based upon residues from the N domain and the core subdomain, shows that the adenine moieties of the nucleotides are in almost identical locations in the two enzymes. In the APH(3Ј) enzymes, the adenine is sandwiched between an isoleucine [equivalent to Ile209 in APH(2ЈЈ)-IIa] and a highly conserved aromatic residue from strand ␤3 [Phe48 in APH(3Ј)-IIa and Tyr42 in APH(3Ј)-IIIa]. Rotations about the N9-C1* and the C5*-O5* bonds in the APH(2ЈЈ)-bound nucleotide put the ribose and the ␣-phosphate groups approximately 2.4 Å and 3.0 Å away from their respective positions in APH(3Ј)-IIIa (5), displaced from the catalytic loop. In APH(3Ј)-IIIa, there is a single direct interaction between the triphosphate and the core subdomain through Asp208 [APH(3Ј)-IIIa residue numbering]. This interaction is retained in APH(2ЈЈ)-IIa, despite the difference in conformation of the triphosphate, facilitated by an almost 90°r otation of the Asp210 side chain. This aspartate residue is part of the conserved sequence motif GvIDFG in the ␤8-␤9 loop, equivalent in location to but significantly shorter than the protein kinase conserved subdomain VII (21, 22) or the activation segment (25) .
DISCUSSION
The crystal structures of the binary gentamicin and the ternary AMPPCP-streptomycin complexes of APH(2ЈЈ)-IIa represent the first structures determined for a member of this family, the second-largest family of aminoglycoside phosphotransferases. The APH(2ЈЈ)-IIa enzyme is structurally and topologically similar to the APH(3ЈЈ) enzymes and also to the catalytic domains of the eukaryotic Ser/Thr and Tyr protein kinases. The major differences between these enzymes arise in the substrate binding site and, to a lesser extent, the nucleotide binding site. In the adenine binding pocket, APH(2Ј)-IIa lacks the conserved aromatic residue on strand ␤3, having a valine in this position; this residue is either a valine or an isoleucine in the other members of the APH(2ЈЈ) family (see Figure S1 in supplemental material). In this regard, both the APH(2ЈЈ) and the APH(3Ј) families differ markedly from the protein kinases, which invariably have an alanine at this position (21) . It has been suggested that this sequence variation may give rise to differences in the way the adenine moiety is bound in the two enzyme groups and that this difference could be exploited in the design of an APH(3Ј)-specific inhibitor (4) . Although the lack of the aromatic residue in APH(2ЈЈ)-IIa suggests that an inhibitor designed for the APH(3Ј) enzymes might not be effective against the APH(2ЈЈ) enzymes, the similarities in the locations of the adenine group in the ternary complex shows that this end of the nucleotide is anchored in much the same way in the two enzymes despite the sequence differences. A leucine residue (Leu24) from the neighboring strand ␤1, and a tyrosine residue (Tyr87) from the interdomain linker, both project inward toward the adenine pocket and overlap slightly the position occupied by the aromatic side chain in the APH(3Ј) enzymes, and this combination of residues could provide a similar platform for adenine binding.
When the nucleotide from the AMPPCP-streptomycin-APH(2ЈЈ)-IIa structure is modeled into the gentamicin-APH(2ЈЈ)-IIa complex, the ␥-phosphate group is approximately 7.5 Å from the 2ЈЈ hydroxyl group of the bound gentamicin. This distance is far too long to facilitate the transfer of the phosphate group to the deprotonated hydroxyl, and such an arrangement of the triphosphate would certainly give rise to an unproductive complex were it to adopt this conformation in the presence of a substrate such as gentamicin. Conversely, an extended triphosphate conformation [based on the modeling of the AMPPNP from the superimposed AMP-PNP-APH(3Ј)-IIIa complex (5) into the nucleotide binding site in the gentamicin-APH(2ЈЈ)-IIa complex] would put the ␥ phosphate approximately 2.6 Å from the 2ЈЈ hydroxyl of the gentamicin, within range for effective phosphoryl transfer (Fig.  5a) . However, the question as to why the triphosphate has adopted the observed uncommon and unproductive chelate conformation still remains. An analysis of the structures in the Protein Data Bank which contain an AMPPCP shows that while very few have been reported, most are complexes with kinase domains, either from FGF receptor 2 (FGFR2) (8, 9) or human RSK-1 (24) . Inspection of the bound AMPPCP in five FGFR2 structures shows that in all cases, the triphosphate adopts an extended conformation, interacting with two magnesium ions. In the case of human RSK-1, the triphosphate adopts a loose chelated structure around a single magnesium. In the preparation of the FGFR2 complexes, a fivefold excess of Mg 2ϩ was used, whereas in the AMPPCP-RSK-1 and the ternary AMPPCP-streptomycin-APH(2ЈЈ)-IIa complex, AMP-PCP and MgCl 2 were in a 1:1 ratio. In both of these cases, the presence of a chelated triphosphate is most likely an artifact of the limiting amount of magnesium rather than a disruption of any potential hydrogen bonding pattern caused by the methylene bridge (6).
Despite being in almost identical locations with respect to the catalytically relevant residues (the HXDXXXXN and GX IDXG kinase fingerprint motifs), the substrate binding sites differ markedly between the two phosphotransferase subfamilies, primarily due to differences in the helical subdomain. Eleven out of the twelve potential hydrogen bonding interactions with gentamicin are with residues from the core subdomain, and the helical subdomain plays only a minor role in substrate binding. This is in distinct contrast to the case for the kanamycin binding site in the APH(3ЈЈ) enzymes, where more than half of the interactions with the substrate involve residues from the helical subdomain (18, 37) . The long acidic loop which in the APH(3Ј) enzyme connects the ␣5 and ␣6 helices and serves as part of the kanamycin binding site (18, 37) is missing in APH(2ЈЈ)-IIa. The corresponding loop is very short and is approximately 10 Å from the gentamicin binding site, playing no role in substrate binding. An important difference between the two families of enzymes occurs at the C terminus. The APH(3Ј) enzymes end with an ␣ helix [helix ␣8 in APH(3Ј)-IIa] and a highly conserved motif with the consensus sequence DExF (see Figure S1 in the supplemental material), with the terminal phenylalanine residue and the conserved aspartate playing key roles in substrate binding (37, 43) . The corresponding helix in APH(2ЈЈ)-IIa (helix ␣9) is significantly longer and forms two sides of the substrate binding cleft. This creates a much more restricted binding pocket in APH(2ЈЈ)-IIa and limits this enzyme to binding only the 4,6-disubstitued aminoglycosides with three rings, whereas APH(3Ј)-IIIa is able to accommodate both classes, including the bulky four-ringed neomycin (18) . FIRST CRYSTAL STRUCTURE OF AN APH(2ЈЈ) ENZYME 4141
As noted above, in APH(2ЈЈ)-IIa, the gentamicin molecule is "upside-down" relative to the kanamycin. However, modeling kanamycin into the APH(2ЈЈ)-IIa substrate binding site in the same conformation as gentamicin shows that kanamycin is readily able to adopt a configuration similar to that seen for gentamicin (Fig. 5b) , and this may account for the similarity in activity toward these two substrates. APH(2ЈЈ)-IIa shows activity toward a number of 4,6-disubstituted aminoglycosides, including kanamycin, tobramycin, netilmicin, dibekacin, amikacin, arbekacin, and isepamicin, but not the 4,5-disubstituted aminoglycosides molecules. The rates of reaction for the first four substrates (around 2 ϫ 10 7 M Ϫ1 s Ϫ1 ) (45) are only about an order of magnitude lower than the diffusion limit, with the latter three substrates having rates ranging from 3 ϫ 10 6 to 1 ϫ 10 5 M Ϫ1 s Ϫ1 . These molecules all have similar structures, particularly with respect to the A and B rings (the neamine group) (49; Fig. 1 ), whereas their C rings are either of the gentamicin type, with both a methyl group and a hydroxyl at the 4ЈЈ carbon and a 3ЈЈ secondary amine, or the kanamycin type, with hydroxyl groups at the 4ЈЈ and 5ЈЈ positions and a primary amine on the 3ЈЈ carbon (Fig. 1) . The lack of specific interactions with the C ring substituents makes APH(2ЈЈ)-IIa easily able to accommodate the different ring structures, and the differences in the substituents on the C ring do not affect the catalytic viability. This lack of specificity for the C ring explains why APH(2ЈЈ)-IIa is so promiscuous with respect to 2ЈЈ hydroxyl phosphorylation.
A comparison of the complexes of APH(2ЈЈ)-IIa with gentamicin and streptomycin gives some insight as to why the 4,6-disubstituted aminoglycosides are substrates whereas the 4,5-disubstituted aminoglycosides are not (45) . Although streptomycin is not a typical aminoglycoside, if the ribose ring is taken as the central ring, then streptomycin resembles a 4,5-disubstituted aminoglycoside, such as neomycin. In the ternary complex, streptomycin binds in a similar location to gentamicin, albeit "upside-down." The B and C rings of streptomycin and the neamine moiety of gentamicin form a rigid unit which binds in a specific orientation at the "base" of the aminoglycoside cleft. The angular distance between the A and C rings then becomes the critical factor in determining whether the C ring (or the A ring in streptomycin) can be brought close enough to the catalytic aspartate. In gentamicin (and the 4,6-disubstituted aminoglycosides in general), the molecule is easily able to adopt an extended conformation with a large angular spacing between the A and C rings, whereas in streptomycin, where the A and C rings are attached to adjacent positions on the central modified ribose, there is a much smaller range of motion of the A ring and consequently it must sit further from the core subdomain (Fig. 5c) . The same would be true of the 4,5-disubstituted aminoglycosides, such as neomycin, assuming the molecules were to bind in a fashion similar to that of gentamicin, with the neamine moiety attached to the "base" of the cleft. The C ring would project toward the helical domain (Fig. 5d ) and although it would be possible for the 5ЈЈ hydroxyl to come within hydrogen bonding distance of the catalytic aspartate, this orientation would place the C and B rings too close together, such that it would be a sterically unfavored conformation.
The neamine moiety of the gentamicin (and related aminoglycosides) is responsible for recognition of the target RNA A site (49) . Gentamicin binds in the major groove of the A site, where the A ring stacks against G15 (equivalent to G1491 in the 30S ribosomal A site) and is anchored by a pseudo-base pair to A30 (A1408) (19) . The bases A16 and A17 (A1492 and A1493) are forced out of the helix. The B ring forms two hydrogen bonds, with G18 and U19 (G1494 and U1495). These interactions are identical to those made by paromomycin in complex with the 30S ribosomal subunit (7) . The majority of the aminoglycoside-modifying enzymes target functionalities on the neamine ring, and this two-ring group is thus the basis for the decreased binding affinity of the modified drugs. The APH(2ЈЈ) enzymes, however, modify on the C ring, but since this ring interacts with the phosphate backbone of the RNA, a phosphate group on the 2ЈЈ hydroxyl would destabilize the interaction, giving rise to the decreased binding affinity for drugs modified at this position. The similarity of the binding orientations of the aminoglycosides to the target A site and the deactivating enzymes, such as APH(2ЈЈ)-IIa could create an obstacle in the development of novel aminoglycosides unaffected by phosphorylation. Any changes made in the neamine ring, for example, would clearly affect binding to the enzyme but would also conceivably have a detrimental effect on binding to the ribosome. One possibility to circumvent the activity of at least the APH(2ЈЈ) family might be to add a bulky group, such as a guanidinium functionality (as in streptomycin), to the C ring. A neamine-containing aminoglycoside modified in this way would most likely still bind to the recognition site at the "base" of the APH(2ЈЈ)-IIa binding cleft, and the added guanidinium moiety could restrict efficient interaction between potential sites of phosphorylation on the substrate and the ␥ phosphate of ATP.
